CD28 is a 44-kDa glycoprotein expressed as a homodimer on the surface of a major subset of human T cells. Previous studies have demonstrated that the binding of monoclonal antibodies to the CD28 surface antigen can augment the proliferation of purified human T cells stimulated with suboptimal doses of mitogens or anti-T-cell receptor/CD3 complex antibodies. In this report, we show that CD28 stimulation augments T-cell immune responses by specifically inducing a 5-to 50-fold enhancement in the expression and secretion of interleukin 2, tumor necrosis factor type a, lymphotoxin, interferon y, and granulocyte-macrophage colony-stimulating factor in normal human T cells stimulated to proliferate by crosslinking of the T-cell receptor/CD3 complex. This CD28-mediated induction of lymphokine/cytokine gene expression occurred even in T cells stimulated with optimal concentrations of mitogens or anti-T-cell receptor/CD3 antibodies, although under these conditions CD28 activation failed to enhance the proliferative response. The activation pathway induced by stimulation of CD28 is distinct from other biochemical pathways that induce lymphokines/cytokines because CD28 stimulation can induce lymphokine/cytokine gene expression in the presence of the immunosuppressant cyclosporine. Together these data suggest that the CD28 cell surface molecule is part of a distinct activation pathway that specifically modulates the expression of multiple lymphokine/cytokine genes.
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T cells are important regulators of in vivo immune responses.
The specificity of a T-cell-initiated immune response is mediated by the T-cell-receptor/CD3 (TCR/CD3) complex (1) . Interaction of the TCR/CD3 complex with a foreign antigen presented in association with a major histocompatibility complex protein results in T-cell proliferation and in induction of T-cell effector functions, such as lymphokine production and cytolysis (2) . Although antigen-specific T-cell activation is initiated through the TCR/CD3 complex, a number of additional cell surface molecules appear to be involved in regulating T-cell immune responses (3, 4) .
We have shown that stimulation of the CD28 surface antigen, a 44-kDa homodimeric glycoprotein (5, 6 ) present on 80% of peripheral blood T cells, leads to enhanced proliferation and interleukin 2 (IL-2) production by CD28+ T cells that have been activated by crosslinking of the TCR/CD3 receptor (7) . A basic question that remains unanswered is whether or not the CD28 activation pathway acts primarily to increase the percentage of cells that are induced to proliferate in response to crosslinking of the TCR/CD3 receptor complex and thus increase the number of cells in culture producing IL-2. Alternatively, the CD28 pathway may enhance IL-2 gene expression per cell and thus increase T-cell proliferation by inducing greater amounts of IL-2, a growth factor that is required by T cells to maintain proliferation. T cells activated by stimulation of the TCR/CD3 complex have been shown to produce a number of secreted molecules, in addition to IL-2, that serve to modulate the functional state of a wide variety of cells (8) . Thus, it was also of interest to study whether the effect of CD28 stimulation is specific for IL-2 gene induction or whether CD28 might play a more generalized role in the induction of lymphokine/cytokine production.
In the present study we have investigated the role of CD28 activation in regulating lymphokine/cytokine production by normal human T cells. CD28 activation alone does not induce lymphokine expression in resting T cells. However, the CD28 activation pathway significantly enhances the production of multiple lymphokines, including IL-2, interferon y (IFN-y), tumor necrosis factor type a (TNF-a), lymphotoxin (LT), and granulocyte-macrophage colony-stimulating factor (GM-CSF) by anti-CD3-activated or phorbol myristate acetate (PMA)-activated CD28' T cells. This induction of lymphokine production is sufficient to account for the previously observed effect of CD28 activation on T-cell proliferation at suboptimal doses of mitogens or TCR/CD3 antibodies. Compared with other activation pathways that induce lymphokine/cytokine gene expression, CD28 induces lymphokine/cytokine gene expression that is relatively resistant to the immunosuppressive effects of cyclosporine (CSP). The ability of CD28 to sustain the production of multiple lymphokines in activated T cells treated with pharmacological doses of CSP may account for the reported CSP resistance of T-cell proliferation induced by CD28 plus PMA.
MATERIALS AND METHODS
Cells. Approximately 2.5 x 109 human peripheral blood lymphocytes were isolated from buffy coats obtained by leukopheresis of healthy donors aged 21-31 years by using density gradient centrifugation. The CD28+ subset of T cells was then isolated from the peripheral blood lymphocytes by negative selection using immunoabsorption. This strategy takes advantage of the reciprocal and nonoverlapping distribution of the CD11 and CD28 surface antigens on T lymphocytes as described (7) .
Monoclonal Antibodies (mAbs). Anti-CD28 mAb 9.3 (IgG2a) was purified on protein A-Sepharose, dialyzed against isotonic phosphate-buffered saline, filtered through a 0.22-,um sterile filter, and cleared of aggregates by centrifugation (100,000 X g for 45 min) prior to use in functional assays (9) . Anti-CD3 mAb G19-4 (IgGi) was produced and purified as described (9) . mAb G19-4 was used after first Abbreviations: TCR/CD3, T-cell receptor/CD3; IL-2, interleukin 2; TNF-a, tumor necrosis factor type a; LT, lymphotoxin; IFN-'y, interferon y; GM-CSF, granulocyte-macrophage colony-stimulating factor; PMA, phorbol myristate acetate; CSP, cyclosporine; PHA, phytohemagglutinin; mAb, monoclonal antibody.
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adsorbing the antibody to the surface of plastic tissue culture plates as described (10 RNA (Northern) Blot Analysis. CD28' T cells were cultured at 2 x 106 cells per ml under a variety of conditions. The cells were harvested; total cellular RNA was isolated and equalized for rRNA as described (11) . Northern blots were prepared and hybridized sequentially with 32P-labeled nick-translated genespecific probes. After hybridization, blots were washed and exposed for autoradiography at -70°C. Quantitation of band intensities was performed by densitometry (12) .
DNA Probes. The IL-2 probe was a 1.0-kilobase (kb) Pst I cDNA fragment (8), the IFN-y probe was a 1.0-kb Pst I cDNA fragment (13) , the GM-CSF probe was a 700-base-pair EcoRI-HindIII fragment cDNA (14) , the 4F2 probe was a 1.85-kb EcoRI cDNA fragment (12) , the interleukin 4 probe was a 0.9-kb Xho I cDNA fragment (15) , and the HLA probe was a 1.4-kb Pst I fragment from the HLA-B7 gene (12) . TNF-a and LT specific probes were synthesized as genespecific 30-nucleotide oligomers (16, 17) . Lymphokine Assays. CD28+ T cells were cultured at 105 cells per well in the presence of various combinations of stimulators. Culture supernatants were harvested at 24 hr and serial dilutions were assayed for IL-2 by using a bioassay as described (18) . One unit was defined as the amount of IL-2 needed to induce half-maximal proliferation of the human cytotoxic T-cell line CTLL-2 at 24 hr of culture. In separate experiments the relative levels of IL-2 for each of the culture conditions above were independently confirmed using a commercially available ELISA (Genzyme). TNF-a/LT levels were measured by using a semiautomated L929 fibroblast lytic assay as described (19) . Units of TNF-a/LT were defined using an internal standard for TNF-a (Genzyme). The independent presence ofboth TNF-a and LT was confirmed by the ability ofmAb specific for each cytokine to partially inhibit cell lysis mediated by the supernatant from cells costimulated with anti-CD3 plus anti-CD28. IFN-y was measured by radioimmunoassay with a commercially available kit (Centocor, Malvern, PA). Units for IFN-y were determined from a standard curve using 125I-labeled human IFN-y provided in the test kit. GM-CSF was detected by stimulation of proliferation of the human GM-CSF-dependent cell line (20) (21) (22) (23) (24) (25) . In experiments using highly purified CD28+T cells, we have found that CD28 augmentation of the anti-CD3-induced proliferative response is only apparent when low levels of anti-CD3 were used to initiate the response (26) . When we used >200 ng of anti-CD3 in a microtiter well, we no longer observed any enhancement of T-cell proliferation (as measured by thymidine incorporation) as a result of CD28 stimulation. The results of one such experiment are shown in Fig. 1 . Anti-CD28 did not augment the thymidine incorporation of accessory-depleted populations of resting CD28+ T cells stimulated with a concentration of anti-CD3 titrated to induce the maximal proliferative response. However, as reported, anti-CD28 was able to elicit a proliferative response in the same cell population when cells were stimulated with anti-CD28 and PMA. Neither PMA nor anti-CD28 alone was able to induce proliferation in resting CD28+ T cells.
Despite the inability of anti-CD28 to augment thymidine incorporation in T-cell cultures stimulated with optimal concentrations of anti-CD3, we did find that anti-CD28 consistently augmented the rate of uridine incorporation of these same anti-CD3-treated T-cell cultures (Fig. 1) . CD28 stimulation alone did not enhance uridine incorporation of resting T cells. The CD28-mediated increase in uridine incorporation of anti-CD3 treated cells was observed as early as 6 hr after stimulation and persisted throughout the 72-hr culture period at all doses of anti-CD3 tested (data not shown). These results demonstrate that CD28 stimulation can enhance metabolic activity of anti-CD3-stimulated T cells in the absence of a demonstrable effect on anti-CD3-induced proliferation. CD28 augmentation of T-cell metabolic activity might be due to induction of a specific T-cell effector function, we next investigated the effect of CD28-mediated activation on the production of the soluble immunoregulatory molecules IL-2, TNF-a, LT, IFN-y, and GM-CSF. Purified resting T cells were activated with an optimal concentration of anti-CD3 in the presence or absence of the anti-CD28 mAb 9.3. RNA was extracted from cells at various times after stimulation and analyzed for the expression of IL-2, TNF-a, LT, IFN-y, and GM-CSF by Northern blot analysis (Fig. 2) . Stimulation with anti-CD3 alone resulted in small but significant increases in steady-state mRNA levels of all five lymphokines/cytokines examined. In contrast, 5-to 50-fold higher peak levels of mRNA expression of all five of the lymphokines/cytokines were observed when cells were costimulated with anti-CD3 and anti-CD28. Maximal mRNA expression for all of the examined lymphokines/cytokines was seen within 6 hr of stimulation of the cells with either anti-CD3 alone or anti-CD3 plus anti-CD28. However, the CD28-costimulated population maintained detectable levels of mRNA expression throughout the proliferative response. Similar enhancement of lymphokine mRNA expression by anti-CD28 was seen in cells stimulated by anti-CD3 concentrations from 4 to 200 ng per well (data not shown).
The increased mRNA expression of these T-cell secretory genes was not simply the result of a generalized increase in the steady-state mRNA expression of all T-cell activationassociated genes. The mRNA level for the heavy-chain gene of the activation-associated 4F2 surface antigen, which is induced after anti-CD3 activation of resting T cells (12), was not further augmented by costimulation of cells with anti-CD28. Moreover, the levels of HLA class I mRNA, while slightly induced by anti-CD3 stimulation, were not further induced by costimulation of cells with anti-CD3 plus anti-CD28. In addition, not all T-cell lymphokines were induced in CD28+ T cells. We were unable to detect interleukin 4 gene expression within 24 hr after anti-CD3, anti-CD3 plus PMA, or anti-CD3 plus anti-CD28 stimulation of CD28+ T cells (data not shown). The increases in lymphokine/cytokine mRNA expression that were observed in CD28-stimulated cells could not be accounted for by an increase in the percentage of proliferating cells in the culture. At 48 hr after stimulation, 41.2% ofthe cells stimulated with anti-CD3 alone and 46.1% of the cells stimulated with both anti-CD3 and anti-CD28 were found in the S, G2, or M phases of the cell cycle. More tkan 90% of cells in both populations entered G, as demonstrated by cell volume increases.
Enhancement of Lymphokine/Cytokine Gene Expression by CD28 Activation Leads to Increases in Lymphokine/Cytokine Secretion. To confirm that the observed increases in steadystate lymphokine/cytokine mRNA levels lead to parallel increases in secretion of these molecules, we assayed the culture medium supernatants of cells stimulated through the CD28-activation pathway for the presence of these same lymphokines/cytokines (Table 1) . T cells incubated in medium alone or stimulated with PMA, anti-CD28, or the calcium ionophore ionomycin produce little or no soluble IL-2, TNF-a/LT, IFN-y, or GM-CSF. Crosslinking of cells with mAbs directed against the TCR/CD3 complex led to the production of low levels of IL-2, TNF-a/LT, IFN-'y, and GM-CSF. In contrast, when cells were stimulated with anti-CD3 plus anti-CD28, there was a substantial augmentation in the secretion of all lymphokines/cytokines assayed.
No significant increase in the percentage of cells transiting through the S G2, or M phases of the cell cycle was observed.
I
Previous work has suggested that anti-CD3 mAbs mediate their effects primarily through translocation of protein kinase C and increases in intracellular calcium (1, 27) . Therefore, activation of the TCR/CD3 complex can be mimicked by activation of these pathways with PMA and the calcium ionophore ionomycin, respectively (1, 28) . Treatment of purified CD28' T cells with either of these agents alone did not lead to significant production of any of the lymphokines/ cytokines tested (Table 1) . However, costimulation with PMA plus ionomycin did induce a low level of secretion of IL-2, TNF-a/LT, and IFN-y (GM-CSF was not tested). The addition of anti-CD28 mAb to PMA-plus ionomycin-treated cells significantly enhanced the expression of all of the lymphokines/cytokines examined. Again, no significant in- Culture supernatants were harvested after 24 hr and serial dilutions were assayed for IL-2, TNF-a/LT, IFN-y, and GM-CSF. Separate aliquots of cells were recovered 48 hr after stimulation and assayed for the percentage of cells in late stages of the cell cycle (S/G2/M) (19) . CSP was used at 0.6 ,ug/ml. NT, not tested.
crease in the percentage of cells progressing through the cell cycle was observed. Costimulation of resting T cells with anti-CD28 mAb plus PMA induced T-cell proliferation (Fig.  1) and also led to high concentrations of TNF-a/LT, IFN-y, and IL-2 in the cell supernatant (Table 1 ). This result suggests that CD28 can act as a costimulus with PMA to lead to both T-cell proliferation and lymphokine/cytokine production. Costimulation of resting T cells with ionomycin plus anti-CD28 mAb failed to induce proliferation or lymphokine production (data not shown).
CD28 Stimulation Can Induce Lymphokine Expression and Secretion in the Presence of CSP. A characteristic feature of the CD28 activation pathway is that in contrast to the TCR/CD3 activation pathway, T-cell proliferation induced by anti-CD28 plus PMA is resistant to the immunosuppressant CSP (7). This effect is specific to the CD28 signal since cell proliferation induced by anti-CD3 plus anti-CD28 is only partially suppressed by CSP while proliferation induced by anti-CD3 plus PMA is completely suppressed (26) . To examine whether CD28 also led to CSP-resistant lymphokine/ cytokine expression and secretion, we tested the ability of CSP to suppress the induction of IL-2, TNF-a, LT, IFN-y, and GM-CSF after stimulation with PMA plus anti-CD28, anti-CD3, or anti-CD3 plus anti-CD28. By Northern blot analysis, stimulation with PMA plus anti-CD28 led to lymphokine/cytokine gene expression that was relatively resistant to suppression by CSP (Fig. 3) . In contrast, gene expression stimulated by way of the CD3 pathway was completely suppressed in the presence of CSP. Costimulation with anti-CD3 plus anti-CD28 again led to significant enhancement in the expression of all five lymphokine/cytokine genes in comparison to cells stimulated with anti-CD3 alone.
In addition the lymphokine/cytokine production of cells costimulated with anti-CD3 plus anti-CD28 was partially resistant to suppression by CSP.
Similar results were obtained when Iymphokine levels
were measured in culture supernatants of cells stimulated in the presence of CSP (Table 1) . CSP was able to completely suppress lymphokine production induced by anti-CD3 or PMA plus ionomycin. However, significant residual levels of all lymphokines assayed were detected in cultures stimulated with anti-CD28 plus PMA, anti-CD3 plus anti-CD28, or PMA plus ionomycin plus anti-CD28 in the presence of CSP. 
DISCUSSION

